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Her i tabi l i ty of blood pressure increases dur ing mental
stress
DI Boomsma, H Snieder, EJC de Geus and LJP van Doornen
Department of Physiological Psychology, Vri je Universi tei t, Amsterdam, The Netherlands
We studied the influence of mental  stress on the contr ibutions of genes and envi ronment to
individual  var iation in systol ic (SBP) and diastol ic (DBP) blood pressure by structural  equation
model l ing in 320 adolescent male and female twins. Blood pressure data were col lected dur ing
rest and dur ing a reaction time and a mental  ar i thmetic task. Univar iate analyses of SBP and DBP
showed fami l ial  aggregation for  blood pressure. A genetic explanation for  this resemblance was
most l ikely, al though dur ing rest condi tions a model  that attr ibuted fami l ial  resemblance to shared
envi ronmental  factors, also fi tted the data. There was no evidence for  sex di fferences in
her i tabi l i ties. Mul tivar iate analyses showed significant heterogenei ty between sexes for  the
intercorrelations of the blood pressure data measured under  di fferent rest and task condi tions.
Mul tivar iate genetic analyses were therefore carr ied out separately in males and females. For  SBP
and DBP in females and for  SBP in males an increase in her i tabi l i ties was seen for  blood pressure
measured dur ing stress, as compared to rest measurements. The influence of shared envi ron-
mental  factors decreased dur ing stress. For  DBP in males no significant contr ibutions of shared
envi ronment were found. The mul tivar iate analyses indicated that the same genetic and
envi ronmental  influences are expressed dur ing rest and stress condi tions.
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Introduction
Research during recent decades has demonstrated
the heri tabi l i ty of systol ic (SBP) and diastol ic blood
pressure (DBP).
1–7
Heri tabi l i ty estimates for systol ic
blood pressure range from 13% to 82% and for
diastol ic blood pressure from < 1% to 64% wi th
average levels for both at about 50%.
8
Two approaches that frequently have been used to
study the contributions of genes and envi ronment to
variation in blood pressure levels are fami ly and
twin studies. The first approach studies the resem-
blance in blood pressure between parents and
offspring or between sibl ings. The second approach
examines the simi lari ty in blood pressure of mono-
zygotic (MZ) and dizygotic (DZ) twin pai rs. Resem-
blance between fami ly members (including twins)
can arise from a common envi ronment shared by
fami ly members or from a (partial ly) shared geno-
type. Twins offer a unique opportuni ty to distinguish
between the influences of envi ronment and heredi ty
on resemblance between fami ly members. In a twin
design the separation of genetic and envi ronmental
variance is possible because MZ twins share 100% of
thei r genetic make-up and DZ twins share on average
50% of thei r addi tive genetic variance. If a trai t is
influenced by genetic factors, MZ twins should
resemble each other to a greater extent than DZ
twins. Heri tabi l i ty (h
2
) can be estimated as twice the
di fference between MZ and DZ correlations
9
and is a
measure of the amount of total  phenotypic variance
explained by genetic factors. When twice the DZ
correlation is larger than the MZ correlation, this
may indicate that part of the resemblance between
twins is caused by shared envi ronmental  factors.
10
Heri tabi l i ty estimates may depend on sex, age and
si tuational  factors. Most tw in studies have estimated
heri tabi l i ty from samples of male twins, have pooled
data from di fferent age groups, and usual ly have
assessed blood pressure during resting condi tions
only. A few studies have taken an expl ici t interest in
the effect of age
11–13
or sex
14,15
on heri tabi l i ty. Sims
et al
12
found a decrease in heri tabi l i ty from 68% to
38% from young adul thood to middle age for DBP.
This reduction was caused by a threefold increase in
the contribution of individual  envi ronmental  factors
as people grow older. The same trend was seen for
SBP.
13
A decrease in heri tabi l i ty estimates for blood
pressure wi th age is consistent wi th resul ts from
fami ly studies. Heri tabi l i ty estimates from fami ly
studies, which usual ly measure pai rs of subjects at
di fferent ages, such as parents and offspring, gen-
eral ly are lower than estimates obtained from twin
studies, which measure pai rs of subjects at the same
age. Heri tabi l i ty estimates from fami ly studies range
from 19 to 45% for SBP and from 15 to 52% for
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DBP,
3,6
whi le estimates from twin studies range from
41 to 82% for SBP and from 51 to 66% for
DBP.
1,5,14–16
Studies wi th respect to sex di fferences in the
genetic archi tecture of resting blood pressure levels
show mixed resul ts. McIlhany, Shaffer and Hines
14
observed higher heri tabi l i ties in females than in
males for both SBP (78 and 41%) and DBP (61 and
56%) in a study of 200 twin pai rs aged 14 years on
average. Schieken et al
15
did not find a di fference in
heri tabi l i ty for SBP (66%) between males and
females in a group of 251 twin pai rs aged 11 years on
average. For DBP a somewhat higher estimate for
males (64%) than for females (51%) was observed.
Tambs et al
7
did not find sex-specific genetic effects
on ei ther SBP or DBP in a very large Norwegian
sample consisting of nearly 75 000 fami ly
members.
Data regarding the heri tabi l i ty of blood pressure
measures during stress are l imi ted.
17
These data are
of interest because an enhanced cardiovascular
response to stress may be an early predictor for the
development of essential  hypertension.
18,19
McIl -
hany, Shaffer and Hines
14
conducted one of the first
twin studies in which blood pressure data were
col lected during rest and during a physical  stressor.
Two hundred twin pai rs of both sexes (mean age 14
years) were tested using the cold pressor test as a
stressor. Heri tabi l i ty estimates for blood pressure
levels during the test were larger for females than for
males for both SBP (72 and 48%) and DBP (62 and
58%), but were not di fferent from estimates during
rest. Theorel l  et al
20
measured blood pressure during
rest and during a stressful  interview in 17 MZ and 13
DZ male twin pai rs aged 51–74 years and observed
significant genetic influences during the interview
but not during rest. Sokolov et al
21
reported heri t-
abi l i ties of 47% for SBP during rest and 81% during
a stress task in 24 MZ and 15 DZ twin pai rs. For DBP
heri tabi l i ties were 73 and 77%, respectively. The
stress task is described as mental  effort under time
pressure. Sokolov et al
21
concluded that heri t-
abi l i ties increase under stress condi tions. However,
the smal l  sample sizes of the last two studies
preclude any firm conclusions. Rose, Grim and
Mi l ler
22
present blood pressure data measured in
111 MZ and 66 same-sex DZ twin pai rs aged 16–24
years during the Stroop test. They found a higher
correlation for SBP mean level  in MZ (0.61) than in
DZ twins (0.44), suggesting genetic influences. These
correlations did not di ffer very much from the values
obtained for resting SBP (0.70 for MZ and 0.50 for DZ
twins). However, when the SBP data were analysed
separately by sex, correlations for MZ and DZ
females were 0.68 and 0.39 and for MZ and DZ males
0.42 and 0.40, suggesting l i ttle genetic influence on
SBP in males. Hunt et al
16
studied 73 MZ and 81 DZ
male twin pai rs (mean age 34.5 years) and obtained
heri tabi l i ties of 54 and 60% for si tting SBP and DBP
and 44% for both SBP and DBP during serial
subtraction.
These studies clearly demonstrate genetic influ-
ences on blood pressure, both during rest and
physical  and mental  stress condi tions. It is unclear,
however, whether heri tabi l i ties di ffer as a function
of stress and i f these di fferences depend on the sex of
the subject. None of the studies reviewed above gives
formal  tests of di fferences in parameter estimates or
carries out a mul tivariate analysis. An addi tional
problem wi th these studies is thei r l imi ted compara-
bi l i ty which arises from di fferences in estimation
techniques for heri tabi l i ties. This led Hunt et al
16
to
state that ‘the use of mul tiple appl icable models may
give a clearer picture of how heri table a trai t is’.
Structural  model l ing22,23 offers a solution to this
problem.
In the present study structural  model l ing tech-
niques were used to examine the influence of mental
stress tasks on the relative contributions of genes and
envi ronment to individual  variation in SBP and DBP.
The mental  stressors consisted of tasks that are often
employed in psychophysiological  research, ie a
reaction time and a speeded mental  ari thmetic task.
Subjects were 160 Dutch adolescent male and female
twin pai rs. We first present a series of univariate
genetic analyses in which several  models for sex
di fferences in genetic archi tecture of SBP and DBP
are considered. Next, data from rest and task condi -
tions are analysed simul taneously in a mul tivariate
model . A mul tivariate genetic analysis offers the
possibi l i ty of testing whether the magni tude of the
genetic and envi ronmental  influences di ffer during
rest and stress condi tions, and addi tional ly to what
extent the genetic and envi ronmental  influences that
determine blood pressure levels during rest are
correlated wi th the genetic and envi ronmental  influ-
ences that determine blood pressure levels during
stress.24–26
Subjects
This study is part of a larger project in which
cardiovascular risk factors were studied in 160
adolescent tw in pai rs and thei r parents.
27–29
Addresses of tw ins (of 14–21 years of age) l iving in
Amsterdam and neighbouring ci ties were obtained
from Ci ty Counci l  population registries. Twins sti l l
l i ving wi th thei r biological  parents were contacted
by letter and included in the study, i f the twins and
both parents were wi l l ing to participate. Between 30
and 40% of fami l ies compl ied. In addi tion, a smal l
number of fami l ies who heard of the study from
other twins also volunteered to participate. Zygosi ty
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was ini tial ly determinated by typing the fol lowing
polymorphisms: ABO, MNS, P, Rhesus, Lutheran,
Kel l , Duffy, Kidd, Gm, Am and Km. In a later stage of
the project most same-sex twin pai rs were also typed
by DNA fingerprinting.
30
Three series of triplets were
included by discarding the data from the middle
chi ld. Data from two twin pai rs were not used
because of apparatus fai lure during the experiment,
from one pai r because one of the twins was deaf, and
from one pai r because one of the twins had
extremely low diastol ic blood pressure
( < 50 mmHg). This left for analysis 33 MZ female
(MZF, average age 16.1 years, sd = 2.3), 35 MZ male
(MZM, average age 16.6 years, sd = 1.8) 29 DZ
female (DZF, average age 17.7 years, sd = 17.7,
sd = 2.0), 31 DZ male (DZM, average age 17.2 years,
sd = 1.7), and 28 DZ opposi te-sex pai rs (DOS,
average age 16.4 years, sd = 1.9). A l l  subjects were
paid Dfl. 25 for thei r participation.
Procedure
Blood pressure was measured during rest and during
two task condi tions. Testing took place in a sound
attenuated, electrical ly shielded cabin. The two
experimental  tasks consisted of a choice reaction
time (RT) task and a speeded mental  ari thmetic (MA)
task. Each condi tion was repeated once and lasted
8.5 minutes. During the resting periods subjects were
asked to relax as much as possible. Subjects changed
places in the cabin several  times. When one subject
was tested, the other subject fi l led out question-
nai res. Sequence of events was: Practice sessions,
pause, Rest1 fol lowed by RT1 and RT2, pause, Rest2
fol lowed by MA1 and MA2. During each condi tion
blood pressure was measured three times (begin-
ning, middle, end). Data were averaged over these
three measures.
Tasks
In the RT task each trial  was started wi th the
simul taneous onset of an audi tory warning stimulus
and the appearance of a vertical  bar on a television
screen. After 5 seconds a reaction stimulus was
heard. Subjects had to react to high tones by pressing
a key label led ‘Yes’ and to low tones by pressing a
key labeled ‘No’. Two seconds later subjects received
feedback on the screen, indicating whether they had
pushed the correct key and, i f the response was
correct, also thei r reaction time.
In the MA task subjects had to add up three
numbers that were presented in succession on the
screen. Five seconds after the first number the
answer to the addi tion problem appeared on the
screen. Hal f of the presented answers were correct,
hal f incorrect. Subjects were requi red to press the
‘Yes’ key i f the presented answer was correct, and
the ‘No’ key i f i t was incorrect. They received the
same feedback as in the RT task and after two more
seconds the next trial  was started. The MA problems
contained 10 levels of di fficul ty: ranging from three
1-digi t numbers (eg 9 + 4 + 5) to three 2-digi t num-
bers (eg 85 + 79 + 47). The level  reached by the
subject after 36 practise trials determined the level  at
which he or she started in the MA task. This
procedure was developed so that the MA task would
be equal ly stressful  for al l  subjects.
Apparatus
Subjects were seated in a comfortable chai r in front
of a Barco colour television screen, that was used for
presentation of visual  stimul i . Audi tory stimul i  were
binaural ly presented through padded earphones.
Two reaction time keys were mounted on both the
left and right arm of the chai r. Subjects pushed the
keys wi th thei r preferred hand (278 right handed, 42
left handed). Blood pressure was measured by the
Dinamap 845XT using the osci l lometric technique.
Statistical  analyses
To study the contributions of genetic and envi ron-
mental  factors to blood pressure variabi l i ty a struc-
tural  model l ing approach was used. Fi rst, a series of
univariate models was fi tted to the blood pressure
data from each task condi tion. Model  fi tting was
carried out on the 2  2 variance–covariance matri -
ces (BP-Twin 1, BP-Twin 2) of the five di fferent sex-
by-zygosi ty groups (MZ male and female pai rs, DZ
male, female and opposi te-sex pai rs). Genetic mod-
els specified variation in phenotype to be due to
genotype and envi ronment. Sources of variation
considered were G, addi tive genetic influences; C,
common envi ronment shared by sibl ings growing up
in the same fami ly, and E, a random envi ronmental
deviation that is not shared between sibl ings. Thei r
influence on the phenotype is given by parameters h,
c, and e that are equivalent to the standardised
regression coefficients of the phenotype on G, C and
E, respectively. The square of these parameters gives
the proportion of variance, Vg, Vc and Ve, due to
each source. Correlations between the genetic factors
of the first and second twin are uni ty for MZ twins
and 0.5 for DZ twins. Correlations between shared
envi ronmental  factors are one. A series of al ternative
explanations for the pattern of variation in each
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condi tion was compared and the fi t of these theoret-
ical  models to the observed data was tested by 2
di fference tests. To study sex di fferences in genetic
inheri tance three di fferent models were examined:
1 Ful l  model  in which estimates for Vg, Vc, and
Ve are al lowed to di ffer in magni tude between
males and females, and thus total  variances as
wel l  as heri tabi l i ties may be di fferent in the
two sexes;
2 scalar model  in which heri tabi l i ties are con-
strained to be equal  across sexes, but in which
total  variances may be di fferent. In the scalar
model , the variance components for males are
constrained to be equal  to a scalar mul tiple, ,
of the female variance components, such that
Vgm = Vgf, Vcm = Vcf, and Vem = Vef. As a
resul t, the standardised variance components
such as heri tabi l i ties are equal  across sexes,
even though the non-standardised components
di ffer;
24
3 constrained model  in which parameter esti -
mates for Vg, Vc and Ve are constrained to be
equal  in magni tude across sexes and total
variances are thus also the same in males and
females.
Parameters were estimated by maximum l ikel ihood,
using the computer program LISREL7.
35
Fi t was
assessed by l ikel ihood ratio 2 tests. The overal l  2
tests the agreement between the observed and the
predicted variances and covariances in the five sex-
by-zygosi ty groupings. A large 2 indicates a poor fi t,
whi le a smal l  2 indicates that the data are consistent
wi th the model . Submodels were compared by
hierarchic 2 tests. The scalar model  B is a submodel
of the ful l  model  A and the constrained model  C is
nested under B. The 2 statistic is computed by
subtracting the 2 for the ful l  model  from that for a
reduced model . The degrees of freedom (df) for this
test are equal  to the di fference between the df for the
ful l  and the reduced model .
For the mul tivariate analyses 6  6 (two rest, two
RT task and two MA task condi tions for each subject)
matrices of mean squares and cross-products
between and wi thin twin pai rs were constructed. To
these matrices we first fi tted a factor model  wi th one
genetic and one envi ronmental  common factor
25,31
and a simplex model  wi th a first-order autore-
gressive genetic and a first-order autoregressive
envi ronmental  series.
32
In the factor model  correla-
tions between observations are explained by thei r
loadings on the same genetic and envi ronmental
factors. In addi tion, unique genetic and envi ron-
mental  factors can be specified for that part of the
variance that is not shared between measures. In the
simplex model  correlations are explained by the
autocorrelation among genes and among envi ron-
mental  factors that influence the phenotype at each
di fferent time point. In this model  the variance
unique to each observation is accounted for by an
innovation term that can come into play at each time
point and by measurement errors that are uncorre-
lated across time.
Resul ts
Means for SBP and DBP during rest and during the
RT and MA tasks are presented in Figure 1 for males
and females. Body weight in males correlated wi th
SBP (correlations between 0.27 and 0.42) and DBP
(correlations between 0.20 and 0.30) in al l  condi -
tions. For females the correlations between body
weight and SBP (correlations between 0.05 and 0.24)
and body weight and DBP (correlations between 0.07
and 0.15) were somewhat lower than for males and
highest for blood pressure measured during rest.
Data were therefore corrected for body weight,
separately for males and females. In the corrected
data there was no correlation between blood pres-
sure levels and age.
Analyses of variance for repeated measures were
performed on SBP and DBP levels measured during
rest and stress wi th sex and zygosi ty as grouping
factors and condi tion (ie Rest, RT and MA Task) and
repeated presentation of each condi tion as wi thin-
Figure 1 Mean values for blood pressure during rest and stress
(reaction time (RT) and mental  ari thmetic (MA) task) in 160
adolescent male and 152 adolescent female twins.
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subject factors and wi th body weight as a covariant
(probabi l i ty levels for wi thin-subject effects Green-
house–Geisser
33
adjusted). Because twins do not
represent independent observations, the residual
degrees of freedom for the F-tests have been taken as
hal f those avai lable. This adjustment is conservative,
because dizygotic tw ins share on average only 50%
of thei r genetic material . Resul ts showed a sig-
nificant effect of sex and task on both SBP and DBP
(for SBP F(1,153) = 16.82, P = 0.00 for sex and
F(2,313) = 365, P = 0.00 for task; for DBP
F(1,153) = 8.65, P = 0.01 for sex and F(2,313) = 525,
P = 0.00 for task). There were no main effects of
zygosi ty and no interactions between sex, zygosi ty or
task. In al l  condi tions males had higher SBP and
lower DBP levels than females. The effect of the tasks
was in the expected di rection: blood pressure levels
were lowest during rest, intermediate during the
reaction time task and highest during mental
ari thmetic.
Table 1 l ists the standard deviations for SBP and
DBP in males and females in each condi tion. Both
during rest and during task condi tions variances for
SBP and DBP were higher in males than in females.
In both sexes, the variances in SBP and DBP
increased during task compared wi th rest
condi tions.
Table 2 gives twin correlations for SBP and DBP
for each sex by zygosi ty group in each condi tion.
Overal l , correlations were higher in MZ than in DZ
twins suggesting that genetic factors play a role in
individual  di fferences in blood pressure levels.
However, several  of the MZ and DZ correlations
were of the same magni tude, especial ly during rest.
The correlations of DZ opposi te-sex twins were not
systematical ly lower than DZ same-sex correlations,
indicating that a model  in which the same genes and
the same envi ronmental  factors influence blood
pressure levels in males and females is
appropriate.
34
Table 3 summarises the resul ts of univariate model
fi tting to SBP and DBP data by presenting 2 statistics
and probabi l i ty levels for the di fferent univariate
models of sex di fferences in the genetic archi tecture
of blood pressure. For SBP measured during rest, a
scalar model  that specified equal  heri tabi l i ties in
males and females gave the most parsimonious
account of the data, whi le a model  wi thout sex
di fferences showed a significant increase in 2.
A l though the 2 for the scalar CE model  for SBP
during rest is somewhat larger than the scalar GE
model , we recognise that we cannot real ly dis-
tinguish between the two. In contrast, for SBP
measured during task condi tions a simple GE model
wi thout sex di fferences showed a good fi t to the
observed data, as indicated by the non-significant
2s. For SBP measured during mental  stress, i t is
clear that a common envi ronmental  model  does not
fi t the data. For DBP, a scalar GE model  gave the best
fi t and most parsimonious account of the data under
al l  condi tions, except the first rest condi tion where a
scalar CE model  showed a better fi t.
Table 4 gives the estimates of genetic and envi ron-
mental  variances based on the univariate GE models
and heri tabi l i ties for each task condi tion. Genetic
factors explained around 50% of the variance in SBP
and DBP during rest and task condi tions. These
heri tabi l i ties were the same for males and females,
and for both SBP and DBP tended to increase
somewhat under mental  stress condi tions as com-
pared to rest. As can be seen, the amount of genetic
variance as wel l  as the amount of specific envi ron-
mental  variance increased in stress as compared to
rest condi tions.
In Table 5 the intercorrelations for blood pressure
measured in di fferent condi tions are given for SBP
and DBP. The phenotypic correlation structure was
significantly di fferent for males and females. For
females, intercorrelations between the measures
from di fferent condi tions were lower than for males.
For the mul tivariate model  fi tting, the factor and
simplex models were therefore fi tted separately to
data from males and females.
Table 6 shows the 2s and probabi l i ties that were
obtained after we fi tted the simplex and factors
models described above to data from male and
female twins. For the simplex models we tested i f a
Table 1 Standard deviations for systol ic (SBP) and diastol ic
(DBP) blood pressure for males and females in di fferent task
condi tions
Rest1 Rest2 RT1 RT2 MA1 MA2
SBP Males 8.70 8.73 10.08 10.15 11.04 11.66
Females 6.82 7.28 8.97 8.54 10.12 11.34
DBP Males 6.84 7.21 7.44 7.48 8.18 8.33
Females 5.56 5.26 6.07 5.94 6.23 6.23
Table 2 Twin correlations for systol ic (SBP) and diastol ic (DBP)
blood pressure measured during rest and reaction time (RT) and
mental  ari thmetic (MA) tasks
SBP Rest1 Rest2 RT1 RT2 MA1 MA2
MZM 0.48 0.47 0.58 0.63 0.56 0.58
DZM 0.43 0.52 0.28 0.23 0.32 0.27
MZF 0.47 0.40 0.61 0.63 0.37 0.66
DZF 0.23 0.35 0.48 0.41 0.28 0.48
DOS 0.31 0.32 0.18 0.33 0.24 0.17
DBP Rest1 Rest2 RT1 RT2 MA1 MA2
MZM 0.64 0.48 0.46 0.53 0.57 0.47
DZM 0.57 0.48 0.33 0.34 0.36 0.37
MZF 0.30 0.47 0.49 0.55 0.51 0.43
DZF 0.37 0.38 0.53 0.32 0.18 0.21
DOS 0.46 0.14 0.37 0.17 0.16 0.16
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model  wi thout any genetic or envi ronmental  innova-
tions or wi thout any innovations (ie no new genetic
or envi ronmental  influences at any time point)
would lead to a significant increase in 2. None of
these models fi tted the data. Second-order autore-
gressive models were also fi tted to the data wi th
addi tional  paths from Rest1 to Rest2 and from RT2 to
MA1. These separate paths test whether there is a
significant independent influence from the first to
the second resting period, that is specific to rest and
not to task, and i f there is an independent influence
from the RT to the MA task that is not mediated by
the rest period in between the two. These models did
not converge after a large number of i terations, and
the intermediate solutions showed unreasonable
parameter estimates. Since the simplex models as
wel l  as the one-factor model  did not provide a good
explanation of the mul tivariate data structures for
ei ther males or females, a ful l  Cholesky decomposi -
tion of the phenotypic matrices were carried out.
This decomposi tion is a ful ly saturated, uncon-
strained model  for al l  unique observed variances and
covariances and provides the most general  approach
to estimating the genetic, shared envi ronmental  and
Table 3 Univariate genetic model  fi tting for systol ic (SBP) and diastol ic (DBP) blood pressure: 2 and probabi l i ty
Rest1 Rest2 RT1 RT2 MA1 MA2
SBP ful l  model: Sex differences in parameter estimates
GCE 3.25 (0.95) 6.62 (0.68) 1.94 (0.99) 1.16 (0.99) 23.14 (0.01) 8.30 (0.50)
GE 4.02 (0.97) 9.09 (0.61) 3.62 (0.98) 1.36 (1.0) 23.33 (0.02) 8.99 (0.62)
CE 5.71 (0.89) 8.95 (0.63) 9.58 (0.57) 9.08) (0.61) 31.21 (0.00) 20.13 (0.04)
SBP scalar model: Equal heri tabi l i ties
GCE 3.75 (0.98) 7.97 (0.72) 3.83 (0.98) 1.42 (1.0) 23.33 (0.02) 10.52 (0.49)
GE 4.05 (0.98) 9.09 (0.70) 3.83 (0.98) 1.42 (1.0) 23.33 (0.03) 10.52 (0.57)
CE 6.18 (0.91) 9.50 (0.66) 10.32 (0.59) 9.68 (0.64) 32.38 (0.00) 29.65 (0.00)
SBP constrained model: No sex differences
GCE 11.03 (0.53) 11.37 (0.50) 5.85 (0.92) 5.22 (0.95) 23.73 (0.02) 10.72 (0.55)
GE 11.56 (0.56) 12.79 (0.46) 5.85 (0.95) 5.22 (0.97) 23.73 (0.03) 10.72 (0.63)
CE 13.07 (0.44) 12.66 (0.47) 12.48 (0.49) 13.78 (0.39) 32.79 (0.00) 21.11 (0.07)
DBP ful l  model: Sex differences in parameter estimates
GCE 5.02 (0.83) 4.41 (0.88) 6.75 (0.66) 5.46 (0.79) 17.46 (0.04) 8.76 (0.46)
GE 9.73 (0.55) 7.00 (0.80) 8.41 (0.68) 5.98 (0.88) 18.14 (0.08) 9.25 (0.60)
CE 5.71 (0.89) 7.38 (0.77) 9.32 (0.59) 12.62 (0.32) 28.72 (0.00) 14.18 (0.22)
DBP scalar model: Equal heri tabi l i ties
GCE 9.18 (0.61) 6.27 (0.86) 7.51 (0.76) 5.98 (0.88) 18.46 (0.07) 9.53 (0.57)
GE 13.65 (0.32) 7.09 (0.85) 8.52 (0.74) 5.98 (0.92) 18.46 (0.10) 9.53 (0.66)
CE 9.42 (0.67) 7.65 (0.81) 9.91 (0.62) 12.67 (0.39) 29.84 (0.00) 14.87 (0.25)
DBP constrained model: No sex differences
GCE 11.25 (0.51) 18.52 (0.10) 13.54 (0.33) 11.86 (0.46) 27.05 (0.01) 18.68 (0.10)
GE 15.74 (0.26) 19.45 (0.11) 14.23 (0.36) 11.86 (0.54) 27.05 (0.01) 18.68 (0.13)
CE 11.61 (0.56) 19.83 (0.10) 16.24 (0.24) 18.43 (0.14) 38.70 (0.00) 24.04 (0.03)
Degrees of freedom (df) for models w i th sex di fferences in parameter estimates: GCE df = 9; GE and CE df =11; for scalar models:
GCE df =11, GE and CE df =12; for models wi thout sex di fferences: GCE df =12, GE and CE df =13.
Table 4 Estimates of genetic and envi ronmental  variances and
heri tabi l i ties (percentages of total  variance) based on univariate
genetic analyses; GE models for DBP and SBP measured during
rest include scalar parameter to account for sex di f ferences in
total  variance
SBP Rest1 Rest2 RT1 RT2 MA1 MA2
Vg 25.24 30.03 55.26 56.16 72.42 91.24
Ve 22.53 24.16 36.10 32.14 43.85 46.42
h2 52% 55% 61% 64% 62% 66%
DBP Rest1 Rest2 RT1 RT2 MA1 MA2
Vg 18.70 13.80 21.91 20.98 25.70 21.04
Ve 14.27 13.13 15.04 15.17 14.46 18.66
h2 57% 51% 59% 58% 64% 53%
Table 5 Phenotypic intercorrelations for systol ic and diastol ic
blood pressure measured during rest and mental  stress; males
lower diagonal , females upper diagonal
SBP Rest1 RT1 RT2 Rest2 MA1 MA2
Rest1 – 0.754 0.698 0.658 0.556 0.550
RT1 0.823 – 0.875 0.649 0.743 0.755
RT2 0.758 0.883 – 0.588 0.755 0.773
Rest2 0.758 0.733 0.697 – 0.624 0.618
MA1 0.661 0.791 0.785 0.756 – 0.885
MA2 0.674 0.793 0.798 0.719 0.896 –
DBP Rest1 RT1 RT2 Rest2 MA1 MA2
Rest1 – 0.767 0.751 0.770 0.603 0.599
RT1 0.812 – 0.843 0.705 0.743 0.722
RT2 0.811 0.892 – 0.727 0.721 0.745
Rest2 0.825 0.784 0.770 – 0.646 0.659
MA1 0.702 0.816 0.797 0.793 – 0.844
MA2 0.708 0.817 0.780 0.779 0.924 –
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unique envi ronmental  components of variance and
covariance.
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The second part of Table 6 shows the
2s and probabi l i ties for the ful l  Cholesky decom-
posi tion and for several  more constrained sub-
models. Both the genetic and the shared envi ron-
mental  components show a one factor solution,
indicating that the same genes and the same shared
envi ronmental  factors influence blood pressure dur-
ing rest and stress condi tions. However, in contrast
to the resul ts from the univariate analyses, the
shared envi ronmental  component is significant for
SBP in males and females and for DBP in females.
Only for DBP in males the contribution of shared
envi ronment to variation and covariation could be
omi tted wi thout significant loss of fi t. The increase
in 2 is significant, however, i f the genetic contribu-
tions are omi tted from the model . Probably the most
interesting model  test is l isted on the last l ine of
Table 6 It appeared that for the unique envi ron-
mental  covariance structure no simple factor or time
series model  could be specified. At every time point
the specific envi ronmental  factors influencing each
blood pressure measure were associated wi th al l
thei r earl ier values in a non-reducible way.
Table 7 l ists the components of variance as
obtained from a Cholesky decomposi tion wi th one
genetic and one common envi ronmental  factor
shared by sibl ings and wi th a ful l  structure for the
unique envi ronmental  part of the model . For SBP in
males and females genetic variances increase during
stress as compared to rest condi tions. Specific
envi ronmental  variance also increases, but not to the
same extent and consequently heri tabi l i ties become
larger. The influence of common envi ronmental
factors decreases during rest compared wi th stress
tasks. The same resul ts were obtained for DBP in
females, but not in males.
Discussion
In a series of univariate analyses of systol ic and
diastol ic blood pressure measured in male and
female adolescent tw ins during rest and mental
stress, we obtained heri tabi l i ty estimates for SBP
that were between 52% (during rest) and 66%
(during mental  ari thmetic). For DBP, heri tabi l i ties
were between 51 and 64%. We found no evidence for
sex di fferences in genetic heri tabi l i ties. The uni -
variate pattern of tw in correlations had suggested
some contribution of common envi ronmental  factors
to individual  di fferences in blood pressure levels,
especial ly for blood pressure measured under resting
condi tions. The univariate l ikel ihood-ratio tests,
however, indicated no significant contribution of
shared envi ronment. For blood pressure assessed
during rest, a model  in which shared envi ronment
explained fami l ial  resemblance fi tted the data almost
as good as a genetic model , whereas for blood
pressure measured during mental  stress, the resul ts
clearly indicated the importance of genetic factors.
These resul ts are in accordance wi th the 12 studies
reviewed by Snieder et al
36
which also reported l i ttle
evidence for shared envi ronment.
Mul tivariate analyses yielded a simi lar pattern of
resul ts wi th respect to the increase in heri tabi l i ties
during stress. In addi tion, these analyses provided
insight into the stabi l i ty of genetic and envi ron-
mental  influences across tasks. They also had more
power to detect the presence of sex di fferences and
shared envi ronmental  influences. The correlation
among blood pressure values obtained under di ffer-
ent task condi tions was di fferent in males and
females. On average, blood pressure values of males
were more highly correlated across task condi tions
Table 6 Mul tivariate model  fi tting to systol ic (SBP) and diastol ic (DBP) blood pressure data from males and females, 2 and
probabi l i ty
Females SBP Females DBP Males SBP Males DBP
df 2 P 2 P 2 P 2 P
Simplex model: 59 91.08 0.005 93.58 0.003 91.59 0.004 73.87 0.092
No. G innovations: 64 113.68 0.000 104.72 0.001 110.60 0.000 77.90 0.114
No. E innovations: 64 103.20 0.001 104.19 0.001 119.04 0.000 96.55 0.005
No. innovations 69 131.25 0.000 114.02 0.001 151.57 0.000 109.67 0.001
Factor model: 60 117.61 0.000 110.78 0.000 127.33 0.000 103.00 0.000
Cholesky decomposition
Ful l 21 54.37 0.000 47.56 0.001 63.85 0.000 46.81 0.001
C one factor 36 56.31 0.017 47.56 0.094 64.41 0.003 48.13 0.085
G one factor 51 67.41 0.062 58.63 0.216 67.94 0.056 54.84 0.331
No. C 57 91.39 0.003 77.01 0.040 88.83 0.004 61.50 0.318
No. G 57 97.36 0.001 83.32 0.013 85.67 0.008 62.52 0.287
G, C and E one factor 61 168.20 0.000 157.69 0.000 128.84 0.000 180.01 0.000
and specifies
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than blood pressure values of females. Therefore, in
contrast to the univariate analyses, mul tivariate
analyses were carried out separately in males and
females. We used an exploratory mul tivariate model ,
ie a ful ly saturated unconstrained model  for the
genetic, shared envi ronmental  and specific envi ron-
mental  variances and covariances. In these analyses,
shared envi ronment contributed significantly to
blood pressure levels at rest and during stress,
al though the contribution during the most stressful
task (mental  ari thmetic) became very smal l .
For males as wel l  as for females genetic and shared
envi ronmental  influences clearly indicated a one-
factor structure. Thus, the genetic and shared envi -
ronmental  factors that influence blood pressure
during rest do not di ffer from the genetic and shared
envi ronmental  factors that influence blood pressure
during stress condi tions. A more compl icated struc-
ture was seen for the specific envi ronmental  part of
the model . It is possible that this specific envi ron-
mental  covariance structure includes variance
caused by genotype  envi ronment interaction,
which in structural  models such as employed in our
analyses cannot be distinguished from the random
envi ronmental  component. This complex structure
for the specific envi ronmental  part of the model  is
probably the reason that the simplex and factor
models we ini tial ly fi tted to the mul tivariate data did
not give an adequate account of the covariance
structure.
In agreement wi th the univariate analyses, mul ti -
variate analyses demonstrated an increase in the
heri tabi l i ty of blood pressure as a consequence of
stress. The effect was more pronounced than in the
univariate analyses and, tentatively, a dose-response
effect was suggested such that the heri tabi l i ty
increased most in the task (MA) that yielded the
greatest blood pressure increases. This same effect
was also observed by Snieder et al
36
when univariate
genetic models were fi tted to blood pressure reac-
tivi ty scores of the same subjects. Diastol ic blood
pressure in males, however, formed an exception,
possibly because heri tabi l i ty of blood pressure was
al ready high at rest. Overal l , the analyses of the
blood pressure data clearly demonstrate the
increased power of mul tivariate as compared to
univariate analyses
37
to detect both genetic and
shared envi ronmental  components of variance and
covariance.
Wi th regard to the stress-induced blood pressure
increase, this study presents us wi th some enigmatic
resul ts. The same genetic factors were found to
influence individual  di fferences in blood pressure at
rest and under stress, but the mul tivariate resul ts
suggested a clear increase in the impact of these
genetic factors during stress. Apparently, there is a
Table 7 Parameter estimates from Cholesky decomposi tion (1 factor for G and C, ful l  decomposi tion for E) carried out separately on
data of male and female twins
Rest1 Rest2 RT1 RT2 MA1 MA2
Females SBP
Vg 6.42 3.50 21.05 30.01 45.83 93.92
Ve 29.50 34.05 30.58 26.87 52.04 42.11
Vc 11.18 11.18 28.74 17.31 5.24 5.19
h2 14% 7% 26% 40% 44% 67%
c2 24% 23% 36% 23% 5% 4%
Females DBP Rest1 Rest2 RT1 RT2 MA1 MA2
Vg 1.19 2.99 7.42 1.85 19.70 16.20
Ve 18.46 14.07 15.46 18.30 14.16 19.86
Vc 10.75 10.29 15.67 13.56 3.08 3.18
h2 4% 11% 19% 5% 53% 41%
c2 35% 38% 41% 40% 8% 8%
Males SBP Rest1 Rest2 RT1 RT2 MA1 MA2
Vg 19.50 7.76 52.66 57.81 60.03 76.55
Ve 40.18 39.83 40.84 33.95 40.07 49.53
Vc 20.58 26.98 9.40 14.80 15.03 13.02
h2 24% 10% 51% 54% 52% 55%
c2 26% 36% 9% 14% 13% 10%
Males DBP Rest1 Rest2 RT1 RT2 MA1 MA2
Vg 32.23 26.80 27.79 32.73 27.86 27.92
Ve 13.10 21.96 22.48 21.20 30.90 34.02
h2 71% 55% 55% 61% 47% 45%
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genetic tendency towards high resting blood pres-
sure levels that is ampl ified during stress. What
could be the nature of such a ‘genes by stress’
interaction? It is wel l -known that blood pressure
regulation is a complex mul ti factorial  phenomenon
influenced by various nervous and hormonal  control
systems l ike the sodium retention system, the
renine-angiotensin system, the baroreflex-regulation
and sympathetic nervous control  of cardiac output
and vasoconstriction. A l l  these blood pressure reg-
ulation systems are known to have a genetic compo-
nent
38–44
and al l  these systems are engaged by the
type of stressors used in this study.
45
Thus, i t is
plausible that the impact of genetic influences in one
or more of these systems is ampl ified during stress.
As a single example of such a mechanism we can
point to subjects wi th alpha-1-anti trypsin (AAT)
deficiency. These subjects have lower blood pressure
levels during rest and stress, but the effect of AAT on
blood pressure is much more pronounced during
stress than i t is during rest.
46
Possibly thei r aberrant
regulation of elastase prevents the loss of vascular
elastici ty wi th aging. The advantage of less sti ff
vessels may be ampl ified during stress because
noradrenergical ly induced vasoconstrion is
attenuated.
Clearly, the present study cannot decide to what
extent genetic variation in the various regulatory
systems accounts for increased genetic control  over
blood pressure during stress. To address this prob-
lem, we would need to include indices of renal
sodium retention and renin-angiotensin systems,
cardiac and vascular baroreflex control  and cardiac
and vascular sympathetic nervous system activi ty in
one study. Many such indices do exist in fact, and
can be derived by simple venipuncture or even non-
invasively. Examples include aldosteron, angioten-
sin converting enzyme, baroreflex sensi tivi ty, respi -
ratory sinus arrhythmia (cardiac parasympathetic
tone),
47
pre-ejection period (cardiac sympathetic
tone), cardiac output and peripheral  vascular resis-
tance. A l l  these indices are now routinely assessed
in (behavioural ) medicine.
48–50
The added value of
assessing these variables in a twin study is that i t
al lows the computation of genetic covariance
between blood pressure levels and indices of the
blood pressure regulatory systems. Such a twin
study would yield a clear picture of the relative
contributions of these systems to the genetic varia-
tion in blood pressure. Model  fi tting on the complete
set of blood pressure and underlying regulatory
variables – both at rest and during stress – would
further provide us wi th a mul tivariate genetic factor
score for blood pressure that is a far more informa-
tive phenotype than resting blood pressure by i tsel f.
Such a mul tivariate phenotype is known to increase
the statistical  power of genetic l inkage substan-
tial ly
51,52
making i t feasible to hunt down the most
relevant ‘blood pressure genes’ in humans.
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